Abstract. The mosquito Anopheles stephensi Liston (Diptera: Culicidae) is the urban vector of malaria in several countries of the Middle East and Indian subcontinent. Extensive use of residual insecticide spraying for malaria vector control has selected An. stephensi resistance to DDT, dieldrin, malathion and other organophosphates throughout much of its range and to pyrethroids in the Middle East. Metabolic resistance mechanisms and insensitivity to pyrethroids, so-called knockdown resistance (kdr), have previously been reported in An. stephensi. Here we provide molecular data supporting the hypothesis that a kdr-like pyrethroid-resistance mechanism is present in An. stephensi. We found that larvae of a pyrethroid-selected strain from Dubai (DUB-R) were 182-fold resistant to permethin, compared with a standard susceptible strain of An. stephensi. Activities of some enzymes likely to confer pyrethroid-resistance (i.e. esterases, monooxygenases and glutathione S-transferases) were significantly higher in the permethrinresistant than in the susceptible strain, but the use of synergists -piperonyl butoxide (PBO) to inhibit monooxygenases and/or tribufos (DEF) to inhibit esterases -did not fully prevent resistance in larvae (permethrin LC 50 reduced by only 51-68%), indicating the involvement of another mechanism. From both strains of An. stephensi, we obtained a 237-bp fragment of genomic DNA encoding segment 6 of domain II of the para type voltage-gated sodium channel, i.e. the putative kdr locus. By sequencing this 237 bp fragment, we identified one point mutation difference involving a single A-T base change encoding a leucine to phenylalanine amino acid substitution in the pyrethroid-resistant strain. This mutation appears to be homologous with those detected in An. gambiae and other insects with kdr-like resistance. A diagnostic polymerase chain reaction assay using nested primers was therefore designed to detect this mechanism in An. stephensi.
Introduction
For three decades, pyrethroid insecticides have been used extensively to control pests and vectors of agricultural and public health importance (Shono, 1985) . Pyrethroids are particularly suitable for veterinary and public health purposes because of their quick knockdown effects, high insecticidal potency, relatively low mammalian hazard at operational doses, non-bioaccumulation and efficacy against arthropods resistant to cyclodienes, organophosphate and carbamates (Elliot et al., 1973; Leahey, 1985) . Resistance to such insecticides is widespread in mosquitoes (Omer et al., 1980; Brown, 1986; WHO, 1992; and many other pests (Georghiou & LagunesTejeda, 1991) , causing operational problems for control programmes. Extensive use of pyrethroids has, in turn, led to development of pyrethroid-resistance in many arthropods. In some cases, cross-resistance occurs between pyrethroids and DDT, due to their shared mode of action (Narahashi, 1971; Shono, 1985; Soderlund & Bloomquist, 1989) . The first cases of cross-resistance between DDT and pyrethrins were detected by Busvine (1951) in DDT-selected houseflies, Musca domestica L. Before long, DDT/pyrethrin cross-resistance was detected in other arthropods of medical or veterinary importance, e.g. Cimex bedbugs (Busvine, 1958) and Boophilus ticks (Whitehead, 1959) . Cross-resistance to DDT was also found in pyrethroid-selected strains of the housefly (Plapp & Hoyer, 1968; Farnham, 1977) and mosquitoes Aedes aegypti (L) (Chadwick et al., 1977) , Culex quinquefasciatus Say (Halliday & Georghiou, 1985) and several anopheline species of malaria vectors: An. quadrimaculatus Say (Prasittisuk & Busvine, 1977) , An. stephensi Liston (Chakravorthy & Kalyanasundaram, 1992) and An. gambiae Giles (Chandre et al., 1999) . This mechanism of DDT/pyrethroid cross-resistance, conferring knockdown resistance (kdr), is produced by target site mutations in the para voltage-gated sodium channel gene kdr, causing site-insensitivity. The association of kdr with modifications of the sodium channel was confirmed by neurotoxin binding (Bloomquist & Miller, 1986; Pauron et al., 1989) and genetic mapping studies in houseflies (Williamson et al., 1993; Knipple et al., 1994) .
Synergist and electrophysiological studies suggested that An. stephensi has a site-insensitivity type of pyrethroidresistance mechanism (Omer et al., 1980; Magesa et al., 1994) . Permethrin resistance has been studied in a strain of An. stephensi from Dubai (founded from >100 larvae collected by Dr J.O.Wade in May 1986), maintained at the Liverpool School of Tropical Medicine (LSTM). Originally, eight generations of permethrin selection pressure (at 78-88% mortality of adult males and females) resulted in a strain with 10-fold resistance to permethrin and a range of cross-resistance to other pyrethroids (Ladonni, 1988) . In the resultant strain, adult permethrin resistance was inherited as a polyfactorial partially recessive character. With the monooxygenase inhibitor piperonyl butoxide (PBO), a synergist ratio of only 1.9 for permethrin was observed in adult females -suggesting that, although monooxygenases are involved, other resistance factors also contributed to pyrethroid resistance. Further permethrin bioassays with synergists PBO and triphenyl phosphate (TPP) showed that both monooxygenases and esterases contribute to the permethrin resistance, but applying both these synergists did not fully restore the susceptibility of the selected strain (Vatandoost, 1996) . To investigate the site-insensitivity hypothesis, neurophysiological studies were carried out on the thoracic nerves of An. stephensi. Single dose 10 À13 M permethrin produced a 3.5-fold increase of the nerve firing rate in a susceptible strain, whereas the permethrin-resistant Dubai strain required a dose 100 000-fold higher to produce the same rise in the frequency of action potentials (Vatandoost et al., 1998) . This is commensurate with high degrees of functional resistance attributed to the kdr mechanism in various insects.
A single base change in the S6 trans-membrane segment of domain II of the sodium channel gene results in a leucine to phenylalanine replacement that is responsible for kdr in houseflies (Ingles et al., 1996; Miyazaki, 1996; Williamson et al., 1996) . The same point mutation occurs in other pyrethroid-resistant insects such as the peach-potato aphid Myzus persicae (Sulzen), the diamondback moth Plutella xylostella (L) and the West African populations of the Afrotropical malaria vector mosquito Anopheles gambiae (Martinez-Torres et al., 1998) . A second mutation (leucine to serine) at the same position in Kenyan An. gambiae produces a slightly different cross-resistance spectrum, with higher DDT and lower pyrethroid resistance . Both kdr mutations have been reported from Anopheles sacharovi Favre in Turkey (Lu¨leyap et al., 2002) . Super-kdr in houseflies is associated with a second methionine to threonine substitution further upstream in the same domain (Williamson et al., 1996) . Other mutations associated with kdr-like pyrethroid resistance occur in the german cockroach, Blattella germanica (L) (Scott & Dong, 1994; Zhiqi et al., 2000) .
Materials and methods

Anopheles stephensi
Pyrethroid-resistant An. stephensi originated in 1986 from Dubai (23 15 0 N, 56 28 0 E), United Arab Emirates and the DUB-R strain has been intermittently subjected to permethrin selection pressure (Ladonni, 1988; Vatandoost, 1996) . The susceptible 'Beech' strain originated from India in 1940. Strain 'ST Mal' was collected in 1978 from Lahore, Pakistan and carries an esterase factor conferring malathion-specific resistance (Hemingway, 1982) . Strain 'ST Iran' was collected in year 2000 from Kazeroun, Iran. These four strains of An. stephensi are maintained as colonies at LSTM.
Chemicals
Reagents were purchased from Sigma (Poole, Dorset, U.K.), except the insecticides and synergists (PBO and tribufos) were purchased from British Greyhound (Birkenhead, Merseyside, U.K.) as unformulated technical grade of >98% purity. Permethrin cis : trans ratio was 40 : 60.
Bioassays
Larval bioassays were performed according to the procedure of Georghiou et al. (1966) . Groups of 25 early 4th instar larvae were exposed to insecticide, with or without synergist(s), in 100 ml of tapwater in plastic cups. Mortality was recorded after 24 h exposure. Data were subjected to log-dosage probit mortality regression analysis. Resistance ratios (RR) were calculated by dividing the LC 50 of the resistant strain by the LC 50 of the susceptible strain. Synergist ratios (SR) were obtained by dividing the LC 50 for the insecticide with the LC 50 of the insecticide plus synergist.
Biochemical assays
Mosquitoes of the DUB-R and Beech strains were individually assayed for esterases, monooxygenases and glutathione S-transferases (GST) by standard procedures (WHO, 1998) using an UVmax microtitre plate reader (Molecular Devices, San Francisco, U.S.A.).
Genomic DNA and RNA extractions and cDNA synthesis DNA from a single mosquito was extracted using the Livak buffer extraction method (Collins et al., 1987) . Total RNA was extracted by grinding individual mosquitoes in 150 ml TRI reagent (Sigma, Poole, U.K.) and centrifuging the mixture at 12 000 g for 10 min at 4 C. The supernatant was equilibrated to room temperature, 50 ml chloroform added and the mixture was centrifuged at 12 000 g for 15 min at 4 C. To precipitate the RNA, 75 ml isopropanol was added to the supernatant, mixed well, incubated at room temperature for 5 min and centrifuged for 10 min at 4 C. The pellet was washed with 200 ml 75% ethanol and centrifuged at 12 000 g for 5 min at 4 C. The ethanol was removed and the pellet re-suspended in 25 ml nuclease-free water. First strand cDNA was synthesized using superscript II reverse transcriptase (Promega, Southampton, U.K.). RNA template (10 ml) extracted from individual mosquitoes, with 1 ml oligo dT 15 mer in 9 ml double-distilled water, was incubated at 70 C for 10 min in an eppendorf tube, then chilled on ice and 4ml 5Â 1st strand buffer, 2 ml 0.1M dithiothreitol and 1 ml of 10 mM dNTPs were added to each tube, followed by incubation at 42 C for 2 min. Superscript II (1 ml) was added and the mixture incubated at 45 C for 50 min, followed by 10 min at 70 C. Resulting cDNA was used as the template for polymerase chain reaction (PCR) amplifications.
PCR, cloning and sequencing
Each PCR reaction mixture (25 ml) contained 1 ml gDNA or cDNA, 50 ng primer Gen1 F and 50 ng primer Gen1 R (Table 1) , 1 mM MgCl 2 , 2.5 ml 10 Â PCR buffer, 200 mM of each dNTP and 2 U hot starTaq polymerase. A hot start of 95 C for 10 min was applied prior to 30 cycles of 30 s at 94 C, 30 s at 49 C and 45 s at 72 C. The PCR products were cleaned using a Promega Wizard cleanup system and used for cloning or direct sequencing. Cleaned PCR products were cloned into pGEM-TEASY vector (Promega) according to manufacturer instructions. Minipreps were prepared from at least three colonies of each plate and DNA was sequenced using M13 forward and reverse universal primers. All DNA sequencing was undertaken using an ABI 377 automated sequencer (Perkin Elmer, Zaventum, Belgium).
Results and discussion
The DUB-R strain of An. stephensi was 182-fold more permethrin resistant than the Beech strain at the larval stage (Table 2) . Synergist bioassays using a constant sublethal dose of 5 mg/L piperonyl butoxide (PBO), 1 mg/L tribufos (S,S,S-tributyl phosphorotrithioate or DEF) or a combination of both with different concentrations of permethrin, gave SR of 5.43, 4.9 and 22.6, respectively, compared to the susceptible strain treated with the same synergists. The permethrin dose/mortality regression line for DUB-R showed a shift equivalent to 54% reduction in LC 50 after mosquitoes were pre-treated with a sublethal dose of PBO. A 51% reduction in LC 50 was observed when mosquitoes were pre-treated with a sublethal dose of tribufos. The combination of both synergists reduced the LC 50 by 68%, significantly more reduction (P < 0.001) than with PBO or tribufos alone (Fig. 1) . This indicates that monooxygenases and general esterases probably contribute to, but are not wholly responsible for, the permethin resistance in DUB-R. These findings are similar to those reported by Omer et al. (1980) , Ladonni (1988) and Vatandoost (1996) for this strain. Mean levels of monooxygenases, general esterases and GST activities were significantly greater in the pyrethroid-resistant (DUB-R) than the susceptible (Beech) strain: 1.88, 1.72 and 1.86-fold, respectively, confirming the bioassay and synergist assay results. The first two enzyme classes may be directly involved in pyrethroid resistance, but the elevated GST is Table 1 . The external primers, Gen1F and Gen1R are degenerate primers and the internal primers, ASK3 and ASK4 are specific, respectively, for pyrethroid-resistant (kdr-like) and susceptible Anopheles stephensi
probably indirectly responsible for pyrethroid resistance through neutralizing oxidative pressure imposed by these insecticides (Vontas et al., 2001) . To investigate the hypothesis that a kdr-like mechanism was present in DUB-R, a region of segment 6 of domain II of the para type sodium channel gene was amplified. The resultant 237 bp genomic DNA products had 88% homology with the equivalent fragment of the An. gambiae sodium channel gene (Fig. 2) . Alignment of sequences from the DUB-R and Beech strains showed an A to T substitution in the open reading frame of the resistant compared to the susceptible strain, which resulted in a leucine (TTA) to phenylalanine (TTT) substitution in the permethrin-resistant strain. This mutation occurs in resistant houseflies (Williamson et al., 1996) , the mosquito An. gambiae (Martinez-Torres et al., 1998), the german cockroach Table 2 . Larval bioassay data for Anopheles stephensi susceptible (Beech) and pyrethroid-resistant (DUB-R) strains exposed for 24 h to permethrin with or without synergists: PBO and/or tribufos. ( Miyazaki et al., 1996; Dong, 1997; Zhiqi et al., 2000) and the horn fly, Haematobia irritans (Guerrero et al., 1997) . Several silent mutations were observed when segment 6 of domain II of the sodium channel gene of An. stephensi aligned against the relevant segment from An. gambiae (Fig. 2) . To verify the position, sequence and length of the intron that occurs in the genomic DNA in this segment, cDNA was synthesized from both susceptible (Beech) and resistant (DUB-R) strains and PCR amplified using the same primer pair. This revealed the presence of a 106 bp intron at an identical location to that reported for other insects (Martinez-Torres et al., 1998) .
In order to design a PCR assay diagnostic for kdr genomic DNA of An. stephensi, it is important to determine the location, nucleotide sequence and degree of conservation of this intron in different strains of this species. Genomic DNA PCR products from the ST Mal and ST Iran strains were found to be identical to those from Beech, hence four primers were used in a diagnostic PCR for the kdr-like mechanism in An. stephensi. The two external primers flank the mutation, one internal primer (ASK3) is specific for the susceptible genotype and ASK4 is specific for the resistant genotype (Table 1) . These primers provide diagnostic banding patterns of PCR products for resistant and susceptible An. stephensi, by giving a 237-bp general band that is present in all individuals, a 168-bp band in the susceptible and a 115-bp in the resistant individuals. Heterozygotes have both 168 and 115 bp bands (Fig. 3) .
As previously reported by Laddoni (1988) and Vatandoost et al. (1998) , An. stephensi Dubai strain carries multiple resistance mechanism for pyrethroids, with both metabolic and target site factors producing high levels of resistance which are likely to be operationally significant. The diagnostic PCR assay developed for the detection of target site (kdr-like) resistance in this species is robust and works well on strains of An. stephensi collected from at least four different countries. 1 GGA GAA TGG ATT GAA TCA ATG TGG GAT TGT ATG CTT GTC GGT GAT An. gambiae Fig. 2 . Alignment of nucleic and amino acid sequences of domain II segment 6 of the para type sodium channel gene from the pyrethroidresistant (DUB-R) and susceptible (Beech) strains of An. stephensi, compared with kdr sequence in An. gambiae (Martinez-Torres et al., 1998) . Note the A to T change at nucleotide 93 and leucine (L) to phenylalanine (F) at amino acid 31 in the DUB-R strain.
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